Cellular interaction with and adhesion on different biological surfaces is a dynamic and integrated process requiring the participation of specialized cell surface receptors, structural proteins, signaling proteins, and the cellular cytoskeleton. In this report, the authors describe a label-free and real-time method for measuring and monitoring cell adhesion on special microplates integrated with electronic cell sensor arrays. These plates were used in conjunction with the real-time cell electronic sensing (RT-CES™) system to dynamically and quantitatively monitor the specific interaction of fibroblasts with extracellular matrix (ECM) proteins and compared with standard adhesion techniques. Cell adhesion on ECM-coated cell sensor arrays is dependent on the concentration of ECM proteins coated and is inhibited by agents that disrupt the interaction of ECM with cell surface receptors. Furthermore, the authors demonstrate that the integrity of the actin cytoskeleton is required for productive cell adhesion and spreading on ECM-coated microelectronic sensors. Confirming earlier results, it is shown that interfering with Src expression or activity, via siRNA or small molecule, results in the disruption of adhesion and spreading of BxPC3 cells. The results indicate that the RT-CES system offers a convenient and quantitative means of assessing the kinetics of cell adhesion in a high-throughput manner. (Journal of Biomolecular Screening 2005:795-805) 
INTRODUCTION
T HE CELLS MAKING UP the various tissues and organ systems are held together by a network of proteins, collectively referred to as the extracellular matrix (ECM) proteins. ECM proteins play an important role in the generation and maintenance of tissue architecture. During embryogenesis, ECM proteins serve as "tracks" and direct cells to the appropriate vicinity within the embryo to give rise to tissues and organ systems. 1 The ECM proteins play a prominent role during angiogenesis and wound healing and are also involved in other cellular processes such as proliferation, survival, and differentiation. Failure of cells to properly interact with the appropriate biological surface or molecule could lead to conditions such as cancer and degenerative diseases. [2] [3] [4] The various ECM components such as fibronectin (FN), collagens, laminins, and vitronectin interact with different cells in a specific manner through specialized cell surface receptors called integrins. 5 Integrins recognize and bind to specific motifs within the ECM proteins, thereby mediating the adhesion and interaction of cells with the appropriate matrix protein. In addition to mediat-ing cellular adhesion, integrin receptor interaction with ECM proteins also leads to the initiation of a signaling cascade inside the cell, which directs cellular processes such as cell survival, proliferation, differentiation, and migration. [4] [5] [6] [7] In general, adhesion and spreading assays are conducted to determine 1) whether a certain cell type can adhere to a specific adhesive substrate; 2) whether adhesive substrate is capable of supporting spreading, which requires adhesion in addition to activation of intracellular signaling pathways; and 3) whether a certain cell type is sensitive to specific reagents that can block the cell/ECM interaction or disrupt cell-signaling pathways or cytoskeletal architecture. To study the biological effect of the ECM components on cells, the proteins are purified from human or animal serum or tissue extracts to homogeneity. [8] [9] [10] Alternatively, baculovirus and insect cell system or bacteria can be used to produce and purify large quantities of recombinant ECM proteins. 11, 12 The purified ECM proteins are then applied to an appropriate surface such as a plastic tissue culture dish or a glass surface. 13 Upon application to a particular surface at low concentrations, the ECM proteins precipitate and coat the surface of interest. The immobilization of ECM proteins on a surface is thought to allow a conformational change, exposing the specific epitopes or subdomains, which interact with adhesion receptors. 13 Once coating is completed, cells are then applied to the surface and cellular events such as adhesion and spreading can be assessed employing various cellular and molecular techniques.
There are several methods for assessing and quantifying cellular adhesion and spreading on an ECM-coated surface. The most widely used method is to apply the cells onto surfaces coated with appropriate ECM component, allow the cells to attach and adhere for a specified length of time, and wash the unbound cells with a stream of buffer. The attached cells are then fixed, labeled with fluorescent reagent such as rhodamine phalloidin, and visualized using an epifluorescent microscope or an epifluorescent confocal microscope. Alternatively, the cells can also be labeled with a dye such as crystal violet and quantified by either counting the stained cells using a light microscope or solubilizing the stain and obtaining absorbance reading using the spectrophotometer. 13 The cells can also be prelabeled with a fluorescent dye for live cells such as 6-carboxyfluorescein diacetate and then applied to appropriate ECM-coated surface. 12 The unbound cells are washed off, and the bound cells are quantified using a plate reader. An additional method for assessing the role of integrins and other adhesion proteins is to coat different surfaces with antibodies or peptides that are specific for the various receptors and then seed the cells that are expressing the appropriate integrin receptors. The interaction of integrin receptor on the cell surface with the antibody or peptidecoated surface will allow the cells to adhere and undergo specific morphological and biological changes, which can then be assessed by using the cell biological techniques discussed above. 14 The same principle of antibody, ligand, and peptide-coated surfaces can also be applied to other receptor systems such as the T cell receptor and B cell receptor.
Although the assays just described for assessing and quantifying cell adhesion have been informative, there are certain caveats associated with each of these assays. For example, each of the assays described are end-point assays, which provide a "snapshot" of the adhesion process. All the assays involve prelabeling or postlabeling of the cells, fixation, and permeabilization, leading to destruction of the cell. In this article, we describe a label-free realtime assay using electrical impedance cell sensor technology, which addresses some of the major limitations of the current in vitro assays for assessing the interaction of biomolecular coated surfaces with target cells. The extent of the cell-electrode impedance response is dependent on the attachment quality and the sensor area covered by the cell. For example, as the suspended cell settles on the electrode and makes contact, it will undergo morphological dynamics from a round cell to a flattened and spread cell, which not only is more adherent but also covers a larger electrode sensor area, leading to higher impedance values. Because the readout is noninvasive in the real-time cell electronic sensing (RT-CES) system, it precludes the need for fixation and lysis of the cells and also allows for acquisition of information for biological events occurring after adhesion and spreading, such as proliferation and differentiation.
MATERIALS AND METHODS

Cells
All cells used in this study were obtained from ATCC and maintained in a 37°C incubator with 5% CO 2 saturation. NIH3T3 cells were maintained in DMEM media containing 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin. BxPC3 cells were maintained in RPMI containing 10% FBS and 1% penicillin and streptomycin.
Cell adhesion assays using the RT-CES system
ACEA E-plates ® were coated with the indicated ECM protein or poly-L-lysine (PLL) for 1 h at 37°C. The plates were washed with phosphate-buffered saline (PBS) and coated with 0.5% bovine serum albumin (BSA) solution in PBS for 20 min at 37°C. The wells were washed with PBS prior to addition of the media and cells. The cells were trypsinized, spun, and resuspended in serumfree media containing 0.25% BSA. The cells were adjusted to appropriate concentration, and 100 µL of the cell suspension was transferred to the wells of ACEA E-plates ® coated with the various ECM proteins. The adhesion and spreading of the cells were monitored continually every 3 min using the RT-CES system for a period of 1 to 3 h depending on the experiment.
Electronic cell sensor technology and measurement of cell index using the RT-CES system
The ACEA RT-CES ™ system comprises 3 components: an electronic sensor analyzer, a device station, and 16 or 96 × microtiter devices, called ACEA E-plates. Microelectrode sensor array was fabricated on glass slides with lithographical microfabrication methods, and the electrode-containing slides are assembled to plastic trays to form electrode-containing wells (Fig. 1A) . The cell sensor array electrodes are integrated onto the bottom of the ACEA E-plates ® facing the well. In contrast to other impedance sensors, 15, 16 the novel design of the electrode, termed circle-on-line electrode array, covers approximately 80% of the surface area of the well, allowing sensitive and quantitative detection of cellular morphology ( Fig. 1A) . Centered on the cell sensor electrodes, an ACEA RT-CES ™ system was developed, which allows monitoring and analysis of the kinetic aspects of cellular behavior. The device station receives the E-plates and is capable of electronically switching any one of the wells to the sensor analyzer for impedance measurement. In operation, the E-plates containing the cells are connected to the device station and placed inside an incubator. Electrical cables connect the device station to the sensor analyzer. Under the RT-CES software control, the sensor analyzer can automatically select wells to be measured and continuously conduct impedance measurements. The impedance data from the analyzer is transferred to a computer, analyzed, and processed by the integrated software.
Impedance measured between electrodes in an individual well depends on electrode geometry, ionic concentration in the well, and whether there are cells attached to the electrodes. In the absence of the cells, electrode impedance is mainly determined by the ion environment both at the electrode/solution interface and in the bulk solution. In the presence of the cells, cells attached to the electrode sensor surfaces will alter the local ionic environment at the electrode/solution interface, leading to an increase in the impedance (Fig. 1B) . The more cells there are on the electrodes, the larger the increase in cell-electrode impedance. Furthermore, the impedance change also depends on cell morphology and the extent to which cells attach to the electrodes.
To quantify cell status based on the measured cell-electrode impedance, a parameter termed cell index (CI) is derived, according to
where at which the impedance is measured. Thus, the CI is a quantitative measure of the status of the cells in an electrode-containing well. Under the same physiological conditions, more cells attached on to the electrodes lead to a larger R cell (f ) value, and ultimately to a larger value for the CI. Furthermore, for the same number of cells present in the well, a change in the cell status such as morphology will lead to a change in the CI. For example, an increase in cell adhesion or cell spreading lead to larger cell-electrode contact area, which will lead to an increase in R cell (f ) and thus a larger value for CI.
Inhibitor treatment, siRNA transfection, and Western blot
For assessment of the effect of cyclic RGD peptides (Peptides International, Louisville, KY), function blocking β1 and αvβ3 antibodies (Chemicon International, Temecula, CA), and chemical inhibitors latrunculin A and PP2 (Sigma, St. Louis, MO) on cell adhesion and spreading, cells were preincubated with the indicated concentration of the inhibitors for 15 to 30 min prior to addition to ECM-coated wells in E-plate. All other steps were exactly as described above. For siRNA-mediated knockdown of c-Src, 3 × 10 5 BxPC3 cells were plated on 6-well dishes. Each well was transfected with 40 nM c-Src siRNA or control siRNA 17 using the siPORT (Ambion, Austin, TX) transfection reagent and cells harvested 2 days after transfection. The cells were either seeded in FN-coated E-plates or lysed with RIPA buffer (Sigma) containing protease inhibitor (Sigma). Lysates were loaded on a 4% to 20% Tris-glycine gel (Invitrogen, Carlsbad, CA) and transferred onto a nitrocellulose membrane (Invitrogen). Membrane blots were blocked in PBS-T (PBS with 0.1% Tween) with 5% nonfat milk and probed with a monoclonal anti-Src (Sigma) and a peroxidase conjugated goat antimouse antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). The blot was developed using SuperSignal West Dura Extended Duration Substrate (Pierce Biotechnology, Rockford, IL) and images captured by a CCD camera (UVP BioImaging System, Upland, CA). Protein density bands were quantitated using LabWorks software (UVP BioImaging System).
Immunofluorescence and crystal violet staining
For immunofluorescent experiments, the cells were seeded in 16× chamber slides (Fisher Scientific, Hampton, NH), coated with either PLL or FN, allowed to attach, and fixed with 4% paraformaldehyde at the indicated time points. The cells were permeabilized, stained with rhodamine-phalloidin (Molecular Probes, Eugene, OR), visualized, and photographed using a Nikon E-400 epifluorescent microscope connected to a digital camera.
For crystal violet staining, cells seeded in E-plates were fixed in 4% paraformaldehyde, washed in PBS, and stained with 0.1% crystal violet solution for 20 min at room temperature. The cells were washed 5 times in PBS and dried, and the stain was solubilized in 0.5% TX-100 solution overnight. The solubilized stain was transferred to a microplate, and the absorbance was read at a wavelength of 595 nM using a plate reader.
RESULTS
Dynamic monitoring of cell adhesion and spreading on different ECM-coated surfaces using the RT-CES system
To assess the utility of the RT-CES system to quantitate and monitor the extent of adhesion and spreading of mammalian cells, ACEA E-plates were coated with FN or PLL as a control. NIH3T3 cells were applied onto the coated wells, and the extent of adhesion and spreading was monitored by the RT-CES system. Simultaneously, chamber slides were also coated with FN and PLL and the same numbers of cells were added to each well, and its attachment and spreading were determined by staining with rhodaminephalloidin and visualized using epifluorescent microscope. As shown in Figure 2A , application of the cells onto the FN-coated wells leads to a dramatic and steep increase in the CI, whereas cells plated on PLL lead to a relatively slower increase in the CI overtime. Similarly, immunofluorescent images show that cell attachment on FN is accompanied by immediate spreading, which is maximal by 1 h (Fig. 2B ). On PLL-coated wells, the cells tend to remain round even up to 2 h after initial attachment ( Fig. 2B) .
To assess the sensitivity of the E-plates with respect to detection and monitoring of cell attachment and spreading, NIH3T3 cells were titrated and seeded on E-plates coated with FN. Cell attachment was continually monitored every 3 min for the duration of the experiment (1.5 h) using the RT-CES system. To compare the adhesion data generated from the RT-CES system with a standard method for monitoring cell attachment, the cells were fixed at the end of the experiment and stained with crystal violet as described in the Materials and Methods section (Fig. 3A ). According to Figure 3A, which shows a side-by-side comparison of adhesion data on the RT-CES system and crystal violet staining procedure, the limit of the sensitivity of E-plates for NIH3T3 cells is about 1000 cells, with background reading (media alone) being at or very close to zero. However, adhesion data collected from these same samples and alternatively assessed by the crystal violet staining method showed significant quantitative differences only at 5000 cells. Linear differences in cell numbers are seen at about 10,000 cells per well.
To determine the effect of different concentrations of coated FN on the extent of cell adhesion and spreading, E-plates were coated with increasing concentrations of FN ranging from 0 µg/mL to 20 µg/mL. NIH3T3 cells were added to the wells, and the extent of attachment and spreading was monitored using the RT-CES system. As shown in Figure 3B , the CI increases proportionately with increasing amounts of coated FN. To determine whether the CI is proportional to the number of cells adhering to the substrate, cells were washed three times with PBS, trypsinized at 3-h postseeding and manually counted. As shown in Figure 3C , the actual raw cell numbers at 3 h for the different FN concentrations is proportional to the CI obtained at 3 h. Taken together, these experiments demonstrate the utility of the RT-CES system in quantitatively assessing the kinetics of cell attachment and spreading on different surfaces under label-free conditions and in real time. Furthermore, these experiments also demonstrate that the RT-CES system is as accurate as cell counting and much more sensitive (approximately 5-to 10-fold) than the standard crystal violet staining technique for monitoring cell attachment.
Dynamic monitoring of the inhibition of cell attachment and spreading by integrin and actin cytoskeleton disrupting agent
Attachment of cells to the ECM is primarily mediated by integrin receptors at the cell membrane. 1, 2, 5 Integrin function and the contribution of integrins to cell attachment can be assessed by using specific peptides that compete for integrin binding to ECM proteins, or alternatively, function-blocking antibodies that interfere with specific integrin monomers or heterodimers can also be 
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used in cell attachment experiments. Integrin heterodimers such as α5β1, which binds to FN, recognize a specific motif in FN, the arginine-glycine-aspartic acid (RGD) motif. 18 It has been shown that peptides containing the RGD motif can effectively compete for the binding of cells expressing the FN receptor to FN. 19 To determine the effect of RGD peptides on NIH3T3 cell attachment to FN, NIH3T3 cells were detached and incubated in the presence of increasing amounts of cyclic-RGD peptides (Fig. 4A ) and then plated onto FN-coated E-plates and monitored by the RT-CES system. Also, at the end of the experiment, cells were fixed and stained with crystal violet as described in the Materials and Methods section. As seen in Figure 4A , cyclic-RGD-containing peptides blocked NIH3T3 cell adhesion and spreading in a concentrationdependent manner. A control cyclic peptide, lacking the RGD motif, had no effect on cell attachment and spreading (Fig. 4A) . A significant difference compared to control (p ≤ 0.05) was observed at cRGD peptide concentrations greater than 1 µM. On the other hand, crystal violet assessment of the same experiment (Fig. 4B ) showed a small decrease in inhibition at 3 µM and 10 µM, which was not significant when compared to the control. Function-blocking antibodies can also be used to assess the relative contribution of different integrins to cell attachment. 12 BxPC3 cells have been shown to use the α5β1 integrin for attachment to FN matrices. 20 To determine the relative contribution of different integrins to BxPC3 cell attachment to FN, BxPC3 cells were detached, incubated with low and high (2.4 µg/mL and 24 µg/ mL) concentrations of a β1 integrin function-blocking antibody and αvβ3 function-blocking antibody. The cells were seeded on FN-coated E-plates, and cell attachment was continually monitored using the RT-CES system. As shown in Figure 4C , the antibody against the β1 integrin, which is a subunit of the FN receptor, blocked BxPC3 cell attachment to FN in a concentration-dependent manner (10% and 30% at the low and high concentrations, respectively), confirming published results, 20 whereas the antibody against the vitronectin receptor, αvβ3, had no significant effect. Furthermore, when crystal violet staining was used to assess the same experiment, no significant differences compared to control were observed in the presence of β1 and αvβ3 antibodies (data not shown). In summary, these experiments indicate that perturbation with integrin receptor function can be assessed quantitatively and in real time using the RT-CES system with high precision and sensitivity.
Integrin-mediated cell adhesion is known to organize the actin cytoskeleton in a specific manner. 2 Conversely, the actin cytoskeleton also participates in organizing integrins and other intracellular signaling proteins into signaling modules, which regulates cell attachment and spreading. 2 To determine the role of the actin cytoskeleton in cell attachment and spreading using the RT-CES system, NIH3T3 cells were detached and preincubated with increasing concentrations of latrunculin A, a potent inhibitor of actin polymerization. 21 Cells were seeded onto FN-coated wells in Eplates, and the extent of adhesion and spreading was monitored using the RT-CES system. As shown in Figure 5A , latrunculin inhib- The cells were allowed to adhere and spread for about 90 min and continually monitored every 3 min using the real-time cell electronic sensing (RT-CES) system. The cell index (CI) at 90 min was recorded, and the cells were fixed and stained with crystal violet. The stain was solubilized, and the intensity of the stain was determined by obtaining the absorbance reading at 590 nm. The graph shows a comparison of the CI units versus the absorbance units. These experiments were carried out in quadruplicate at least 3 times. (B) Microelectrode sensors in the bottom of the E-plates were coated with increasing concentrations of FN, r-anging from 0 µg/mL to 20 µg/mL. Serum-starved NIH3T3 cells were detached and then applied to the sensors. The attachment and spreading of the cells were monitored by the RT-CES system for 3 h. The data are from a representative experiment in quadruplicate that was carried out at least 3 times. (C) Once the experiment was terminated in (B), the cells in each well with varying FN concentrations were washed 3 times with PBS, detached and manually counted using a hemacytometer and a light microscope. For each of the FN concentrations, the numbers of cells attached as well as the CI obtained at 3 h were plotted. The data presented are from a representative experiment carried out in quadruplicate at least 3 times. its cell attachment and spreading in a concentration-dependent manner. Analysis of the extent of cell attachment and spreading at 2 h clearly demonstrates that latrunculin is a potent inhibitor of cell attachment and spreading (Fig. 5B) , confirming earlier results obtained by others 22 that indicated that latrunculin affects cell adhesion in the nanomolar range.
Dynamic monitoring of the inhibition of cell attachment and spreading by interfering with Src tyrosine kinase expression and activity
In addition to actin assembly, integrin-mediated cell attachment results in the recruitment and organization of signaling molecules and signaling complexes at the membrane. 2 One of the main signaling proteins that participates in integrin-mediated cell attachment and spreading is the Src family of nonreceptor tyrosine kinases. 23 To determine the contribution of Src family kinases to cell attachment and spreading, BxPC3 cells were preincubated with the Src kinase inhibitor PP2 and then seeded onto FN-coated Eplates. The extent of cell attachment and spreading was monitored using the RT-CES system. As shown in Figure 6A and spreading is significantly inhibited in the presence of the Src inhibitor. At 2 h after seeding, the cells treated with the PP2 compound displayed an approximately 60% inhibition of cell attachment and spreading relative to DMSO-treated cells (Fig. 6B ). This finding confirms previous results using conventional methods to assess cell attachment and spreading in the presence of the Src family inhibitor. 17 As an additional method for assessing the role of Src kinase in cell attachment and spreading, BxPC3 cells were transfected with a control siRNA or an siRNA specific for the c-Src mRNA. Fortyeight hours after transfection, the cells were detached and seeded onto FN-coated E-plates, and the extent of cell adhesion and spreading was monitored using the RT-CES system (Fig. 6C ). As shown in Figure 6D , downregulation of the c-Src gene product leads to a 30% decrease in cell attachment and spreading at 2 h post-cell seeding. This finding is in agreement with published figures that have shown that about 80% downregulation of c-Src gene product by siRNA leads to about an 80% decrease in cell attachment to FN-coated surfaces. 17 Western blot of cell lysates indicated that the c-Src gene product was downregulated about 40% when compared to lysates from control siRNA-transfected cells in our experiments (Fig. 6E) . The disparity between the extent of cell attachment and spreading using the PP2 inhibitor and the c-Src siRNA can be explained by the fact that PP2 inhibits all Src family members and the siRNA is only specific for c-Src. Furthermore, the c-Src siRNA downregulates only a fraction of the total c-Src protein.
DISCUSSION
In this article, we have described a sensitive, label-free, dynamic, and quantitative method for detecting and monitoring cell attachment to ECM-coated surfaces. The method is based on measuring the impedance of cells on interaction with microelectrodes that are embedded in the bottom of the well. The interaction of the cell with the electrode generates an impedance signal that is proportional to the attachment and spreading of the cell on the ECMcoated surface. We have shown that the impedance signal, which is displayed as a CI, correlates with cell attachment and spreading as observed by fixation and staining with phalloidin. Furthermore, the CI is able to distinguish the adhesion quality on differentially coated surfaces such as PLL and FN. The interaction of cells with PLL is nonspecific and mainly mediated through charge-charge interactions, whereas the interaction of cells with FN is specific and mediated by integrin receptors at the cell surface. Interaction of cells with PLL results in cell adhesion but not spreading, whereas the engagement of integrins by FN triggers a signaling cascade inside the cells that ultimately culminates in cell spreading. 23 Integrin-mediated cell adhesion can be evaluated at several different levels, including integrin interaction with ECM, the interaction of integrins with the actin cytoskeleton, and at the level of integrin-mediated signaling. To test the utility of the RT-CES sys-tem in monitoring integrin-mediated events, several different approaches were undertaken, including using inhibitory peptides and function-blocking antibodies to disrupt cellular interaction with ECM. To monitor the role of the actin cytoskeleton in integrin-mediated adhesion, the actin disrupting-agent latrunculin was used. To evaluate the role of integrin-mediated signaling in adhesion, the cells were pretreated with the Src family inhibitor PP2. In addition, the c-Src gene product was downregulated using an siRNA directed against c-Src. Taken together, these experiments reveal that the RT-CES system can sensitively, dynamically, and quantitatively monitor these events.
Our results indicate that the E-plates and the electrode design are fairly sensitive and accurate in detecting attached cells. Comparison of the actual raw cell numbers attached to electrode surfaces coated with different concentrations of FN correlates directly with the CI obtained using the RT-CES system (Fig. 3 ). Furthermore, comparing cell attachment to the E-plates using the RT-CES system with crystal violet staining under standard conditions indicated that the lower limit of detection for the RT-CES system is about 1000 NIH3T3 cells, whereas with crystal violet staining, the detection limit was about 5000 cells. Below 5000 cells, the crystal violet staining method was not significantly different from background staining. It is also important to note that because each cell has unique attachment and morphological characteristics, the sensitivity of the E-plates will vary depending on the cell line being tested. We have examined a number of adherent cell lines in cell attachment experiments using the E-plates, and the lower limit of detection can range from as few as 100 cells to as many as 2500 cells, depending on the cell line (data not shown). Furthermore, the precision of the ACEA RT-CES system for monitoring cell attachment and spreading is reflected by a Z′ factor of 0.7 (data not shown) using NIH3T3 cells, which indicates a precise and reproducible assay system. We have also tested attachment of Jurkat T cells to anti-T cell receptor antibody (OKT3)-coated E-plates and have observed reproducible and antibody-dependent adhesion of the cells on ACEA E-plates (data not shown). Combined with 96 well E-plates, the RT-CES system can be used as a primary cellbased screening technology for small compound libraries that interferes with adhesion. To further increase the capacity of the RT-CES system in terms of throughput, we are currently undertaking 2 complementary approaches. First, we are developing a multiplate 96-well E-plate station that can accommodate up to six 96-well Eplates at a time. In addition, we have also designed and tested microelectrode sensors that can fit inside 384-well plate formats for even higher throughput.
A number of label-free technologies, including cell-substrate impedance, quartz microbalance biosensor technology, and refractive index measurements, have been previously described for monitoring cell attachment (for a comprehensive review, please see Hug and references therein 16 ). The original impedance technology (ECIS) for monitoring cell attachment and spreading and cell behavior has been described by Giaever and colleagues. 15, 24, 25 There are several fundamental differences between the system described
Dynamic Monitoring of Cell Adhesion and Spreading
in our work and what has been reported previously for ECIS. The ECIS technology uses 1 sensing electrode and 1 large reference electrode per well. 15, 25 As a result, adhesion and spreading data for only a small fraction of the cells in the well is acquired at a given time. The RT-CES system described here uses electronic plates, in which there are about 2000 microelectrodes per well, and covers approximately 80% of the total surface area of the well (Fig. 1) . Therefore, the RT-CES system allows for a much more representative data acquisition of cell attachment and spreading at any one time point. In addition, the RT-CES system uses 96-well microplates, which are much more amenable to high-throughput analysis, and is compatible with liquid-handling stations. The ECIS plates are 8-well units and are limited in throughput capacity. Microbalance biosensor technology, based on the measurement of the resonant frequency shift of piezoelectric crystals, has also been described as a means to monitor cellular behavior, including cell attachment and spreading under label-free conditions. 16 When measuring cellular status, changes in the resonant frequency can offer information regarding contact area with the sensors, cytoskeleton, adhesion strength, and cell-cell adhesion. [26] [27] [28] Finally, OWLS technology, which uses a polarized laser beam and measures the refractive index to obtain information regarding different parameters of cell adhesion and spreading, has also been described for monitoring cell attachment and spreading. [29] [30] [31] It is also important to keep in mind that each new technology has its advantages as well as caveats. The label-free technologies described here, including impedance, offer the obvious benefits of label-free, noninvasive, and kinetic readout regarding cellular status. However, the precise advantage of being label free is also a limitation of these technologies because their resolution is mainly at the cellular level and not at the molecular level. Therefore, any observation made using these technologies needs to be supplemented with additional molecular, cellular, and biochemical experiments. Another limitation of label-free technology with respect to cell adhesion is that at earlier time points after cell seeding, it is not able to distinguish between number of cells attached versus the extent of attached and spread cells. However, at later time points when adhesion is completed, the signal does correspond to the extent of spread cells. Furthermore, the wells of the E-plates can be observed using a light microscope to visually assess the extent of adhesion and spreading of the cells. A number of labelbased technologies such as fluorescence resonance energy transfer (FRET) and bioluminescent resonance energy transfer (BRET) in combination with high-resolution microscopy are now emerging, which gives real-time kinetic information regarding the interaction of different proteins or molecules inside the cell. [32] [33] [34] These technologies provide high-content data on protein localization and protein-protein interaction. However, they also have their own caveats such as extensive overexpression and manipulation of the cells with the labeled proteins, which may not necessarily be physiological. It would be interesting to combine image-based techniques such as BRET and FRET with a noninvasive readout such as impedance to obtain high-content information regarding the in-dividual proteins and molecules and their ultimate effect on cellular status such as adhesion, proliferation, morphology, and viability, which can be measured by impedance-based technology such as the RT-CES system. 35, 36 In summary, The RT-CES system can be used to assess the effect of cytoskeletal drugs, enzyme and signaling protein inhibitors, and agents that physically disrupt or block cell attachment and spreading or intervene with downstream signaling pathways. Real-time monitoring and the preclusion of labeling reagents in the system described in this work provides succinct information regarding the strength of cell attachment and spreading and the kinetics involved in this process. Moreover, because the readout is noninvasive, biological events such as differentiation or proliferation in addition to adhesion and spreading can also be monitored in the same wells. This enables the direct analysis of the consequences of disrupting adhesion and spreading on other cellular function. Using traditional methods, it would have been necessary to perform separate experiments for each of these events.
